Information from multiple genome scans and collaborative efforts suggests that schizophrenia is a heterogeneous, complex disorder with polygenic and environmental antecedents.
Information from multiple genome scans and collaborative efforts suggests that schizophrenia is a heterogeneous, complex disorder with polygenic and environmental antecedents. 1 In a previous paper we demonstrated that stratification of families on the basis of co-segregating phenotypes (psychotic affective disorders (PAD) and schizophrenia spectrum personality disorders (SSPD) in first-degree relatives of schizophrenic probands increased linkage evidence in the chromosome 8p21 region (D8S1771) among families with co-segregating SSPD. 2 We have now applied a method of conditional analysis of sib-pairs affected with schizophrenia, examining shared alleles identical-bydescent (IBD) at multiple loci. 3 The method yields enhanced evidence for linkage to the chromosome 8p21 region conditioned upon increased allele sharing at a chromosome 14 region. The method produces a more refined estimate of the putative disease locus on chromosome 8p21, narrowing the region from 18 cM (95% confidence interval) in our previous genome scan, 4 to approximately 9.6 cM. We have also shown that the affected siblings sharing two alleles IBD at the chromosome 8p21 region and one allele IBD at the chromosome 14 region differ significantly in clinical symptoms from non-sharing affected siblings. Thus the analysis of allele sharing at a putative schizophrenia susceptibility locus conditioned on allele sharing at other loci provides another important method for dealing with heterogeneity. Molecular Psychiatry (2002) 7, 658-664. doi:10.1038/ sj.mp. 4001045 Schizophrenia is a common complex disease that is in all likelihood genetically heterogeneous. The mechanism for inheritance is unknown. Results of segregation analyses support a polygenic (multilocus) model. Reports from many groups now suggest several chromosomal regions may be associated with a susceptibility to schizophrenia (ie, 1q, 4q, 5p, 5q, 6p, 6q, 8p, 9q, 10p, 13q, 15q, 22q, Xp11). 1 These studies also suggest that there may be intra-familial heterogeneity among the affected members. Despite the cumulative evidence for genetic heterogeneity and susceptibility loci in several regions, there have not been any reported successes in gene identification. Given the probability that schizophrenia is heterogeneous and precipitated in part by multiple genes that interact, single locus analyses compromise the statistical power for detecting linkage. Attempts to increase statistical power have involved the development of parametric and nonparametric methods for the simultaneous detection of multiple (predominantly two) loci associated with complex diseases. [5] [6] [7] [8] Another recent approach has been to attempt detection of linkage at new loci by conditioning analyses on a previously identified disease-gene locus, 9 for example the insulin region for IDDM. 10 The method by Liang et al 3, 11 allows investigators to take a related yet reversed approach: rather than conditioning on a previously identified diseasegene locus, Liang et al propose to condition on one or more new loci in an attempt to refine the detection of linkage at a previously identified disease gene locus. Until now this method has not been used in studies searching for susceptibility genes for schizophrenia or other neuro-psychiatric diseases.
The aims of the present study were: (1) to determine if the incorporation of evidence for linkage to schizophrenia susceptibility in other chromosomal regions would increase the evidence for linkage previously obtained on chromosome 8p21; (2) to discover whether interactions between loci at other chromosomal regions and 8p21 would produce a more precise estimate of the possible gene location on chromosome 8p21; and (3) to elucidate the linkage heterogeneity reported in our genome scan for schizophrenia susceptibility loci. 4 Previously we showed linkage to 8p21 (D8S1771) (P = 0.00002) in 54 multiplex pedigrees (100 relative pairs) using non-parametric methods and a narrow phenotype (schizophrenia or schizoaffective disorder [S] ). Parametric linkage analyses provided additional support for these regions with heterogeneity models providing the best fit. In an attempt to reduce genetic heterogeneity, and selecting only from families of European Caucasian descent, we stratified families based on co-segregating phenotypes in non-schizophrenic first degree relatives. 2 The subgroup of families with schizophrenia spectrum disorders (schizoid, schizotypal and paranoid personality disorders [SSPD]) consisted of seven pedigrees with 10 subjects diagnosed with SSPD, along with the subjects diagnosed with schizophrenia or schizoaffective disorder. This group of families provided the strongest genome-wide linkage support for the chromosome 8p21 region using either a narrow definition of affected (S) (Nonparametic Lod score (NPL) = 5.04, P = 0.000002) or a broadened phenotype (S and SSPD) (NPL = 6.17, P = 0.0000008).
In the present study we employed the new multipoint analysis method developed by Liang et al 3, 11 to determine whether other autosomal chromosomal regions interact with the region on chromosome 8p to increase evidence for a susceptibility locus. Briefly, this method uses affected sibling pairs in which the number of alleles shared identical-by-descent (IBD) from multiple markers are the primary statistics. A parametric relationship is postulated between the average IBD sharing at an arbitrary location and its genetic distance from the disease locus. Such a relationship, which is explicit, is indexed by two parameters; one is the location of a disease gene and the other is the effect of the disease locus as characterized by the excessive IBD sharing (= C) due to the linkage to a disease locus. This genetic effect (denoted as C), is estimated to be zero if the region is unlinked to the disease locus. On the other hand, the value of C would be greater than zero if there is evidence for linkage, and the greater the value of C the stronger the effect. This genetic effect is related to the concept of the risk ratio () for a sibling of an affected individual 12 through the relationship = 1/(1−2C). 3 In situations where the markers are not fully informative, IBD sharing of alleles can be imputed using the method of Kruglyak et al, 13 described in detail in Liang et al. 3 Liang et al 11 propose a multipoint method to explore whether other chromosomal regions interact with the region on chromosome 8p and how such interaction may help to explain the 8p linkage evidence. Specifically, they derived a parametric expression for the average IBD sharing at an arbitrary location on chromosome 8p conditional on the IBD sharing status at other chromosomal regions. This expression is now indexed by three genetic effects depending on the IBD sharing at other regions being equal to 0 (C 0 ), 1 (C 1 ) or 2 (C 2 ). This approach has several useful features. First, by examining these three genetic effects, one can test the hypothesis of no interaction between chromosome 8p and other regions (ie C 0 = C 1 = C 2 ). In addition, it allows investigators to identify affected sib pairs that contribute to the linkage evidence for chromosome 8p (ie, those with large Cs). Second, unlike other conditioning approaches, this method utilizes all sib pairs in addressing the above two questions simultaneously. One limitation of this approach is that it currently applies to affected sib pairs only. Thus, information from pedigrees with affected relative pairs other than siblings will be discarded. This multipoint analytic method (GeneFinder) was applied to genotypes of 452 polymorphic markers for 65 non-independent affected sibling pairs ascertained from 33 of the original 54 families previously included in our genome scan. 4 A non-parametric single locus analysis (GeneHunter) of this subgroup of families revealed support for a susceptibility gene for schizophrenia on chromosome 8p (NPL = 3.04, P = 0.0013) with the peak at 44.70 cM. The maximum NPL scores obtained through GeneHunter for markers on each chromosome are presented in Table 1 . Table 2 provides estimates of disease loci and genetic effect as characterized by excessive IBD sharing (C) for the four chromosomal regions with NPL scores Ն3.0 (P Ͻ 0.001). The markers corresponding to these estimates and the confidence limits are also given in Table 2 . The last marker for this chromosome was D5S408.
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Conditional analyses were run to examine evidence of interaction between chromosome 8p21 and other chromosomal regions by conditioning on the IBD sharing at each autosomal chromosomal region with NPL score Ն3.0 (chromosomes 5, 13, and 14). The results are presented in Table 3 .
There is strong evidence that the locus on chromosome 14 interacts with the disease locus on chromosome 8 in a non-trivial manner. Specifically, we can now identify the 30 affected siblings from 21 pedigrees whose imputed IBD values are approximately one at D14S306 and whose excessive IBD sharing at the 8p21 locus is estimated by C 1 = 0.57, a value considerably higher than that of the siblings with imputed IBD values of zero at the chromosome 14 locus (C 0 = 0.09 for 8p21) or two at the chromosome 14 locus (C 2 = 0.11 for 8p21). Thus the linkage evidence previously reported for chromosome 8p21 using 65 sib pairs (91 siblings) is, to a large extent, contributed from an identifiable subgroup of 30 siblings. The finding that excessive allele sharing on chromosome 8 is found for siblings sharing one allele but not two alleles at D14S306 is not necessarily counterintuitive: the conditional analytic method yields evidence of interacting loci consistent with an additive model for the locus effects, but does not permit inference about the exact mechanism of the interaction.
To explore the possibility that the observable clinical differences in the expression of the schizophrenia phenotype are associated with the difference in gene expression, we compared affected individuals from those sibling pairs who shared two alleles IBD on chromosome 8 and one allele IBD on chromosome 14 (8+14 Sharing group, n = 30) with those who did not (8+14 Non-Sharing group, n = 61). The case group, which we termed the Sharing group, can be characterized as individuals who contributed to the linkage evidence on 8p21. These two groups were compared for differences on 34 variables (Table 4) using multiple logistic regression. The majority of the variables were dichotomous indicators of development, signs, symptoms, and course of psychotic illness, rated through the consensus of psychiatrists and clinical psychologists consolidating information from direct assessment, medical records, and informants. We also included variables 23 owing to the potential value of this information in identifying more homogeneous groups of schizophrenic subjects.
Beginning with a sex-only model, successive multiple logistic regression models were tested in which new variables were added one-at-a-time (the most significant variables from simple logistic regressions were entered first). Variables were considered for retention if they increased the likelihood ratio chi-square to a moderately significant degree (eg, P = 0.10 or lower). Dummy vectors for missing data were included for each variable so that none of the siblings would be lost to multivariate analysis because of missing information on a given variable.
The final multiple logistic regression model, which predicts membership in the Sharing vs Non-Sharing group, included bizarre delusions, attendance of a special school, affective symptoms early in the course of illness, and seizures (overall likelihood ratio 2 = 23.7439, df = 9, P = 0.0047; see Table 5 ); sex remained nonsignificant but was included in this final model. Odds ratios and 95% confidence intervals from the final model are given in Table 5 . This model should be taken as suggestive: the sample size is small and hence the confidence limits for the estimated odds ratios show a wide range. The final model correctly categorizes 73% of the subjects as belonging to one of the two groups, and has an adequate goodness-of-fit to the data (Hosmer-Lemeshow Goodness-of-fit 2 = 2.1887, P = 0.9487).
The variables in the final model appear to be independent of each other: for example, the addition of the special school vectors to the model with sex and bizarre delusions does not alter the effect of bizarre delusions (little change in the parameter estimates and standard errors for the bizarre delusion vectors). The variables do not tend to co-occur in a given individual as a syndrome, but each variable makes its own contribution to the prediction of membership in the groups defined by Sharing Status, and the positive effects are multiplicative for the odds ratio. For example, while the odds of membership in the Sharing group are 10.77 and 6.46 for subjects with bizarre delusions or special school experience, respectively, the odds rise to 69.64 when considering subjects who have both bizarre delusions and special school experience (adjusting for the other variables in the final model). Table 6 provides the actual proportions of subjects in the Sharing vs Non-Sharing groups manifesting the conditions in the final model.
In addition to the above analyses of clinical differences between Sharing and Non-Sharing subjects, the 1st and 2nd degree relatives of these two groups were examined for the presence of either spectrum personality disorder (ie, paranoid, schizoid, or schizotypal personality disorder), or psychotic affective disorder (major depression or bipolar disorder with psychosis during the mood disturbance). Each family was characterized into one of four types: (1) psychotic affective disorder (PAD) families; (2) spectrum disorder (SSPD) Lifetime presence (1) or absence (0) of any one of 11 bizarre delusions including delusions of passivity, control/influence, thought insertion, thought withdrawal, somatic hallucinations, primary delusions, nihilistic delusions, primary delusional perception, thought broadcasting, thought echo, or another bizarre delusion determined during the direct assessment or diagnostic review Non-bizarre delusions a Lifetime presence (1) Lifetime presence (1) families; (3) families with both PAD and SSPD; (4) families with neither PAD nor SSPD. However in the present sample none of the families had both PAD and SSPD members. The cross-classification of families by Sharing Status vs presence of PAD vs SSPD vs neither illness yielded a significant chi-square value ( 2 = 9.18, df = 2, P Ͻ 0.01). All four of the families with PAD relatives were families with Non-Sharing siblings, while five of the six families with SSPD relatives contained Sharing siblings.
The later finding is consistent with our previous report about the effect of SSPD comorbidity in non-schizophrenic relatives on linkage findings for chromosome 8p21. 2 These analyses have provided a more precise estimate for the location of a schizophrenia susceptibility gene on chromosome 8p21, and implicate a region on chromosome 14 as an interacting susceptibility locus. The 95% confidence interval for the chromosome 8p21 region had been 18 cM with the genome scan, and is approximately 9.6 in these analyses. The results provide further evidence to support the genetic heterogeneity of schizophrenia. In some families, schizophrenia susceptibility appears to be associated with loci on chromosomes 8 and 14. The affected individuals in these families who share one allele IBD at the chromosome 14 locus, and two alleles IBD at the chromosome 8 locus, are more likely to have experienced bizarre delusions, attendance of a special school, affective symptoms early in the course of illness, and seizures. A more complete understanding of the genetic basis of schizophrenia should be possible in the coming years using new statistical strategies that allow for heterogeneity and multi-locus modeling. The number of susceptibility loci, the recurrence risk ratio conferred by each locus, the degree of interlocus interaction, and the possible environmental or developmental contributions will have to await the discovery of the genes involved.
Methods
This conditional analytic sib-pair method used in the present study is fully documented in Liang et al, 2001. 3 The 65 non-independent affected sibling pairs were ascertained from 33 of the original 54 multiplex families previously included in our genome scan. 4 As in our previous paper addressing heterogeneity through a stratification strategy, 2 six pedigrees were omitted from the 54 to retain only those families clearly of European Caucasian descent. Of the remaining 48 families, 15 lacked affected sib-pairs and so were not included in the present analyses.
The majority of the 33 families were ascertained through probands from a systematic sample of schizophrenic patients in the Maryland Epidemiology Sample (MES); 24 a few of the families were ascertained as referrals from other investigators. Consensus diagnostic procedures (DSM-IV criteria) were based on information from direct interviews of the subjects, as well as medical records and consultation with subjects' therapists when available. Details about the sample are available in Blouin et al, 1998 .
